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ABSTRACT
Field strains of soybean looper, Pseudoplusia includens 
(Walker), from Louisiana, Texas, and Puerto Rico were tested 
for permethrin synergism by piperonyl butoxide (PB) and S,S,S 
tributylphosphorotrithioate (DEF). Resistance was completely 
suppressed by 10 /u.g PB/larva in strains from Louisiana with 
2.7 to 14.1-fold resistance. The Texas strain was 14.8-fold 
resistant and permethrin toxicity was increased 8.6-fold by 
PB. The Puerto Rico strain was highly resistant to permethrin 
(426.6-fold) and PB increased permethrin toxicity only 4.6 
and 7.5-fold, respectively, at 10 and 20 /ig/larva. No 
significant synergism resulted from DEF treatment in any of 
the strains tested. In field trials, efficacy of permethrin 
(0.11 kg Al/ha) plus PB (1.12 kg Al/ha) against soybean 
looper was significantly better than permethrin alone.
Soybean looper larvae from a permethrin-resistant 
laboratory strain had comparable levels of resistance to a- 
cyano pyrethroids, but less resistance to the fluorinated 
phenyl alcohol pyrethroid tefluthrin and the non-ester 
pyrethroid BRC 429. Toxicity of each pyrethroid was increased 
by PB. Mixed-function oxidase activity was significantly 
higher in the resistant strain than in a susceptible 
laboratory strain and a non-selected strain. Penetration of 
14C-cypermethrin was significantly decreased by PB, but no 
difference in cypermethrin metabolism was detected.
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The inheritance of permethrin resistance in the 
resistant laboratory strain was characterized by crosses with 
the susceptible strain. Resistance appeared to be inherited 
as a codominant trait (degree of dominance = 0.25, 95% C. L. 
= 0.18-0.32). Backcrossing to the susceptible strain
indicated that >1 gene was involved in permethrin resistance.
Several soybean looper strains were reared on artificial 
diet, soybean foliage, and cotton foliage and tested for 
permethrin tolerance. Larvae reared on cotton were 
significantly more tolerant to permethrin than those reared 
on artificial diet. Larvae reared on cotton developed more 
slowly than those reared on soybean, but larvae and pupae 
tended to attain greater weights when reared on cotton and 
survival was no different than on soybean.
INTRODUCTION
From 1976-1984 in the Southeastern United States, 
average yearly losses in soybean, Glycine max (L.) Merrill, 
due to the soybean looper, Pseudoplusia includens (Walker), 
were $20.3 million as a result of crop damage and control 
costs (Insect Detection, Evaluation, and Prediction 
Committee, SEBESA 1976-1984). Losses from soybean looper 
(SBL) have been estimated to be >10% of harvestable yield 
(Bergman et al. 1985a,b). Nationwide, it is one of the three 
most important lepidopterous defoliators of soybean (Kogan 
1980). In Louisiana, SBL and velvetbean caterpillar, 
Anticarsia qemmatalis (Hiibner) are the two most important 
lepidopterous pests in soybean.
Soybean looper is polyphagous, with at least 28 recorded 
host plant families, including crops of agricultural 
importance such as cotton, tomato, eggplant, and sweet potato 
in addition to soybean (Herzog 1980, Harding 197 6, Martin et 
al. 1976). The female moth lays eggs individually in the 
plant canopy and, depending on nutritional state, may average 
>400 eggs (Jensen et al. 1974). Crop phenology has been 
reported to influence oviposition preference (Felland et al. 
199 0). Larvae feed and develop on the underside of foliage 
and generally require six instars to complete development, 
but individuals have been reported to pupate normally after 
only five instars or >6 instars (Shour & Sparks 1981, Beach
& Todd 1988). Larval development time has been reported to 
average ~ 2 0 and 2 5 days on soybean and cotton, respectively 
(Mitchell 1967), and 13-20 days on artificial diet (Shour & 
Sparks 1981, Canerday & Arant 1967) . Pupation occurs in a 
loose web on the underside of foliage (Herzog 1980) . In 
Louisiana soybean, four generations occur during the growing 
season, with peak population densities usually occurring in 
late August or September (Burleigh 1972).
Soybean looper, which is incapable of diapause, is only 
known to overwinter in southern Florida and southern Texas in 
the U. S. (Herzog 1980). Noctuid moths such as SBL are 
generally strong fliers, however, and SBL has been captured 
in light traps on unmanned oil platforms in the Gulf of 
Mexico as far as 66 miles from land (Sparks 1979). Soybean 
looper populations in Louisiana and other areas of the 
southeastern U. S. result from annual migrations into the 
area, but it is unknown whether these infestations result 
from emigration from U. S. reservoirs or from Central America 
or the Caribbean Islands (Herzog 1980).
Resistance in SBL to several insecticides has been 
reported (Boethel et al. 1992), including methyl parathion 
(Palazzo 1978), methomyl (Newsom et al. 1980), and
monocrotophos (Chiu & Bass 1978). Organophosphate and 
carbamate insecticides were largely supplanted by permethrin 
for SBL control after registration of that compound for 
soybean in the early 1980s. Recently, however, resistance to
3permethrin has been documented in Louisiana (Leonard et al. 
1990) and Mississippi (Felland et al. 1990).
Migration and hosts other than soybean are probably very 
important in the development of insecticide resistance in the 
soybean looper. For example, permethrin resistance has been 
associated with cotton growing areas of Louisiana and 
Mississippi (Boethel et al. 1992). Field control is
consistently lower in areas where soybean is grown in close 
association with cotton, and laboratory data confirm that 
populations from these areas are less susceptible than 
populations from areas where cotton is not grown (Felland et 
al. 1990, Leonard et al. 1990, Mink & Boethel 1992). In
these areas, SBL larvae that develop on cotton and moths that 
visit cotton fields for nectar are probably selected for 
resistance when the crop is treated for control of tobacco 
budworm, Heliothis virescens (F.).
Newsom et al. (1980) outlined a scenario relating 
migration to methomyl resistance problems in several states. 
Methomyl was used intensively in ornamental and vegetable 
production in Florida before control problems appeared in 
soybean in Georgia and South Carolina. Newsom et al. (1980) 
stated that selection pressure in soybean was unlikely to 
have caused these problems since, as is still the case today, 
soybean is rarely treated with insecticides for SBL control 
more than once in a season. This represents selection on 
only one generation out of several that occur each year in
4soybean, and others that occur in overwintering areas. 
Although the evidence was circumstantial, methomyl resistance 
apparently developed as a result of selection on other hosts 
in another state.
Little information exists on physiological mechanisms 
of resistance in populations of SBL. Insecticide resistance 
is most commonly conferred through an altered target site, 
enhanced metabolism of the toxicant, or reduced cuticular 
penetration of insecticide, or a combination of these 
mechanisms. In the only published study on resistance 
mechanisms in SBL, Rose et al. (1990) found elevated levels
of several metabolic enzymes in a Louisiana field population 
that was 3-fold resistant to permethrin; these enzymes would 
be expected to cause resistance to multiple insecticide 
classes. There also was evidence of target-site resistance to 
pyrethroids in this population.
Insecticide resistance is a genetic phenomenon, and 
inheritance studies are central to any insecticide resistance 
management program, because the frequency of resistance 
alleles in a population must be maintained at a low level in 
order for management strategies to be effective. The 
dominance of resistance alleles and number of genetic loci 
involved must be determined (Georghiou & Taylor 1977) . A 
number of studies of resistance genetics have been done with 
dipteran pests (see for example, Plapp & Wang 1983), but 
relatively little research of this type has been done with
5the Lepidoptera. Indeed, additional studies of resistance 
genetics in major lepidopteran pests have been cited as a 
pressing need (Georghiou & Saito 1983). Of the studies that 
have been done on the Lepidoptera, Roush and Wolfenbarger 
(1985) found that methomyl resistance was inherited as a 
single, incompletely dominant autosomal gene in the tobacco 
budworm. Whitten (1978) concluded that methyl parathion 
resistance was primarily due to a single autosomal gene, also 
in the tobacco budworm. Payne et al. (1988) also observed a 
single segregating factor in permethrin resistance, again in 
the tobacco budworm.
The above studies suggest that resistance is most 
commonly inherited as a single gene. However, Liu et al. 
(1981) and Tabashnik & Cushing (1989) found that resistance 
to fenvalerate in the diamondback moth, Plutella xvlostella 
(L.), was polygenic. Also, a strain of housefly, Musca 
domestica L. has demonstrated permethrin resistance due to 
three autosomal genes (Scott et al. 1984). Brewer & Trumble 
(1991) concluded that fenvalerate resistance in the beet 
armyworm, Spodoptera exicrua (Hubner) was polygenic and best 
explained by a five parameter model. Other cases of polygenic 
resistance are well documented (Via 1986). Wood & Bishop 
(1981) speculated that polygenic resistance may be more 
important than is currently recognized because different 
populations may develop different mechanisms of resistance.
6Gene flow might result in a greater likelihood of polygenic 
resistance developing in a highly migratory species such as 
SBL. No studies describing the inheritance of insecticide 
resistance in SBL have been reported in the literature.
In addition to the role it probably plays in insecticide 
resistance, cotton also appears to be particularly important 
in the population dynamics of SBL when both cotton and 
soybean are important components of the agroecosystem. 
Burleigh (1972) found that SBL populations, in soybean, were 
higher in the soybean-cotton agroecosystem of Louisiana than 
in the mixed hardwood-soybean or rice-soybean ecosystems. 
Cotton nectar is an excellent carbohydrate source for SBL 
moths (Jensen et al. 1974, Beach et al. 1985) and it is 
believed that this is the prime reason for population 
outbreaks in these agroecosystems. Despite the circumstantial 
evidence linking cotton to increased populations and 
insecticide resistance in SBL, and the observation of 
sporadic populations of SBL in cotton, little is known about 
the suitability of this plant as a host for SBL larvae. 
Mitchell (1967), in a field cage study, reported that the 
total development period of SBL larvae was longer on cotton 
than soybean but pupal weight was no different; no other 
developmental parameters were explored. No other published 
information exists on the larval biology of SBL on cotton.
Soybean producers would prefer to continue using 
permethrin for SBL control if resistance could be managed,
because it is relatively inexpensive and controls several 
soybean pests (Mink & Boethel 1992). However, basic 
information must be developed in the areas outlined above 
before plans to manage resistance can be formulated. Studies 
of levels and mechanisms of resistance in different soybean 
looper populations could identify geographic areas where 
resistance management efforts should be concentrated to 
reduce the influx of resistant individuals into soybean 
growing areas. Information on resistance mechanisms also may 
have direct applications for growers. For example, 
insecticide synergists can be used in the field to suppress 
metabolic resistance and increase efficacy of insecticides. 
Information on inheritance of permethrin resistance, 
particularly on the dominance of the resistance trait, would 
be valuable for predicting the genotype(s) of larvae that 
survive permethrin treatments. This would provide insight 
into the speed with which resistance develops in the field 
and be indicative of the prospects for maintaining resistance 
allele frequencies at acceptable levels. Finally, the role of 
cotton in population dynamics and resistance should be 
clarified, so that the compatibility of future insecticides 
or other control measures, such as genetically engineered 
crops, in different agroecosystems can be predicted.
LIST OF RESEARCH OBJECTIVES
1. To determine levels of permethrin resistance and 
resistance mechanisms in soybean looper populations from 
different geographic areas and hosts, using synergist 
bioassays, and to test field efficacy of permethrin plus 
piperonyl butoxide for soybean looper control in Louisiana 
soybean.
2. To determine the role of enhanced metabolism by mixed- 
function oxidases in pyrethroid resistance of laboratory 
strains of soybean looper, using bioassays of structurally 
diverse pyrethroids, enzyme assays, and pharmacokinetic 
experiments.
3. To determine the mode of inheritance of permethrin 
resistance in a laboratory strain of soybean looper, 
including tests of monogenic vs. polygenic resistance and the 
degree of dominance of the resistance trait.
4. To determine the effect of various diets on permethrin 
tolerance in the soybean looper, and the suitability of 
cotton as a host for larvae.
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CHAPTER 1
SYNERGISM OF INSECTICIDES AGAINST RESISTANT SOYBEAN LOOPER
LARVAE (LEPIDOPTERA: NOCTUIDAE) IN THE LABORATORY
AND FIELD
Introduction
The soybean looper, Pseudoplusia includens (Walker) 
(Lepidoptera: Noctuidae) is a serious pest of soybean in the 
southeastern U. S. and an occasional pest of several other 
crops, such as cotton. It is polyphagous, with hosts reported 
in >28 plant families, and migratory, overwintering only in 
southern Florida and southern Texas within the U. S. (Herzog 
1980). Infestations in other states are believed to be a 
result of immigration from these areas and possibly also the 
Caribbean Islands and Central America (Boethel et al. 1992).
The soybean looper has developed resistance to every 
class of insecticides used for its control, including 
cyclodienes, organophosphates, carbamates, and pyrethroids 
(Boethel et al. 1992). Although economically damaging
populations of soybean looper occur more frequently in 
soybean than in other southeastern U. S. crops, selection 
pressure for resistance is believed to be more important in 
crops other than soybean because soybean is rarely treated 
more than once per season for soybean looper control. For
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example, permethrin resistance is more severe in cotton- 
soybean agroecosystems, probably because of inadvertent 
selection of soybean loopers by heavy treatment of cotton 
with pyrethroids for control of tobacco budworm, Heliothis 
virescens (F) . (Felland et al. 1990, Leonard et al. 1990,
Mink & Boethel 1992). Permethrin was highly effective for 
soybean looper control when first registered (Boethel et al. 
1992) , but in recent years efficacy has declined such that it 
is often unsatisfactory (Thomas et al. 1993). Producers would 
like to continue using this insecticide, however, because it 
is relatively inexpensive and has broad spectrum activity 
(Mink & Boethel 1992).
Selection in overwintering areas also probably affects 
resistance. Newsom et al. (198 0) proposed that methomyl
resistance in soybean loopers collected from soybean in 
Georgia and South Carolina was a result of selection on 
vegetables and ornamentals in Florida. Recently, high levels 
of permethrin resistance have been found in soybean looper 
populations collected from vegetables in Puerto Rico (Boethel 
et al. 1992, this study).
Little is known about the physiological mechanisms of 
insecticide resistance in the soybean looper. Rose et al. 
(1990) found elevated levels of several detoxification 
enzymes, as well as evidence of target site resistance, in a 
field strain from Louisiana that was 3-fold resistant to
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permethrin. This is the only reported study of resistance 
mechanisms in the soybean looper.
The objectives of these studies were to characterize 
resistance in several strains of soybean looper, from 
different geographic areas and hosts, using synergist 
bioassays. Synergists inhibit metabolic enzymes that detoxify 
insecticides, and are convenient tools for diagnosing 
resistance mechanisms (Ahmad & McCaffery 1991). Piperonyl 
butoxide (PB), which inhibits mixed-function oxidases (Casida 
1970), and S,S,S, tributylphosphorotrithioate (DEF), which 
inhibits esterases (Jao & Casida 1974) were tested in 
laboratory bioassays. Field trials also were conducted with 
PB to determine if, and at what rates, this material could 
increase permethrin efficacy for soybean looper control in 
soybean.
Materials and Methods
Insecticides and Synergists. Technical grade
insecticides and synergists were used for bioassays and 
provided by the following manufacturers: permethrin (60:40 
cis:trans. FMC Philadelphia, PA) , methomyl (DuPont, 
Wilmington, DE) , PB (Fairfield American, Frenchtown, NJ) , and 
DEF (Miles, Kansas City, MO). Formulated permethrin (Ambush 
2E®, ICI, Wilmington, DE) , PB (Butacide 8EC®, Fairfield 
American), and thiodicarb (Larvin 3.2F®, Rhone-Poulenc,
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Research Triangle Park, NC) were used for field studies and 
provided by manufacturers.
Soybean Looper Strains. The laboratory (Lab) strain of 
soybean looper maintained at USDA-ARS laboratories at 
Stoneville, MS was used as an insecticide-susceptible 
reference strain. This strain has been maintained since 1980 
and has not been exposed to insecticides in the laboratory. 
In 1992, five field stains were tested. The Puerto Rico 
strain was collected in May near Guanica, Puerto Rico, from 
peppers which had been treated with multiple applications of 
several insecticides, including permethrin. The Texas strain 
was collected from pyrethroid-treated cotton near La Feria, 
TX, in the Lower Rio Grande Valley, in July. Three other 
strains were collected from soybean in the following areas of 
Louisiana: Youngsville, Lafayette Parish (July), St. Joseph, 
Tensas Parish (August), and Winnsboro, Franklin Parish 
(September). The Youngsville and St. Joseph strains were 
collected from untreated soybean. The Winnsboro strain was 
established from pupae collected from permethrin-treated 
soybean. In 1993, two field strains from Louisiana were 
tested: St. Gabriel (Iberville Parish) and Jeanerette (Iberia 
Parish). Both were collected from untreated soybean in July. 
All strains in 1992 and 1993 except the Winnsboro strain were 
established from larvae collected in the field.
Field-collected larvae were transferred to the 
laboratory and reared to adults on a pinto bean-based
artificial diet modified from Burton (1967). Adults were 
placed in 9.3 1 plastic buckets, fed dilute honey or sucrose 
solutions, and allowed to oviposit on paper towels. Their 
progeny (F1 generation) were maintained on artificial diet 
until testing and were used for all bioassays. All strains 
except the Puerto Rico strain were reared and tested at 
Louisiana State University. The Puerto Rico strain was 
colonized at the USDA Insect Rearing Facility at Stoneville, 
MS and bioassays with it were conducted there.
Bioassay Procedures. Actively feeding, late third 
instar larvae weighing 2 0-3 0 mg were used for all bioassays 
(Leonard et al. 1990). Ten larvae were placed in a 237 ml 
paper cup containing «80 ml fresh artificial diet. 
Insecticides and synergists were applied in 1 jul aliquots in 
acetone using a Hamilton #7 05 syringe and microapplicator. 
When a synergist was used, larvae were treated with 10 jug of 
synergist (unless otherwise noted) on the dorsal abdomen 
above the prolegs, ten minutes prior to application of the 
insecticide. This dose was non-toxic to larvae. Insecticides 
were applied to the dorsal thorax. Control larvae were 
treated with the synergist and acetone or acetone alone. A 
minimum of four doses of insecticide (usually five or six) 
were tested for each strain, and each test was replicated 
three or four times. Larvae were maintained at 26.5 ± 1°C and 
a photoperiod of 14:10 (L:D) h, and mortality was scored at
14
72 h. A larva was considered dead if it did not move after 
being prodded.
Bioassay data were analyzed by probit analysis using 
POLO-PC (Russell et al. 1977; LeOra Software, Berkeley, CA). 
Failure of the 95% confidence limits (C. L.) on LD50 values 
to overlap was used as the criterion for significant 
increases in insecticide toxicity between synergist-treated 
larvae and larvae treated with insecticide alone. Resistance 
ratios (RRs) with 95% C. L. were calculated according to the 
formula of Robertson & Preisler (1992, pp. 43-44). Resistance 
ratios were judged to be nonsignificant if the 95% C. L. on 
the RR included 1.0 (Robertson & Preisler 1992).
Field Trials. Field trials were conducted in 1992 and 
1993 at the Macon Ridge Branch of the Northeast Research 
Station at Winnsboro, LA. The 1992 trial was applied to R5 
growth stage (Fehr et al. 1971) 'Centennial' soybean with a 
C02-powered backpack sprayer calibrated to deliver 140.3 1/ha 
total spray at 2.66 kg/cm2 through Teejet 8002 flat fan 
nozzles. Treatments were applied on 4 September and arranged 
in a randomized complete block design with four replicates. 
Plots were 4 rows by 12.2 m with 101.6 cm spacing between 
rows. At 3 d after treatment (DAT) , two sets of 2 5-sweep 
samples were taken from each plot using a standard 38 cm 
sweep net, and at 6 DAT one 25-sweep sample was taken from 
each plot. No rainfall occurred during the test.
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The 1993 trial was applied to 'Buckshot 723' soybean in 
growth stage R3 (Fehr et al. 1971) on 23 August. The entire 
experimental area was treated three weeks prior to the 
experiment with 0.28 kg/ha of methyl parathion to eliminate 
natural enemies and stimulate an outbreak of soybean looper. 
Treatments were applied with a tractor and compressed air 
sprayer calibrated to deliver 9 3.5 1/ha total spray at 2.80 
kg/cm2 through Teejet TX 12 hollow cone tips. Plots were 4 
rows by 12.2 m with 101.6 cm row spacing and were arranged in 
a randomized complete block design with four replicates. At 
2 and 7 DAT, one 2 5 sweep sample was taken from each plot 
with a 38 cm sweep net. No rainfall occurred during the test.
Data from field trials were subjected to analysis of 
variance (PROC GLM, SAS Institute 1985). Each treatment mean 
was compared to the untreated control using Dunnett's t test, 
and selected insecticide treatments were compared using 1 df 
contrasts (SAS Institute, 1985).
Results
Bioassays. Chi-square values were not significant 
(P>0.05) for any of the bioassays, indicating that the probit 
model was adequate for analysis of these data. Piperonyl 
butoxide significantly increased toxicity of permethrin in 
all strains tested in 1992 (Table 1.1). Synergist ratios 
(SRs) ranged from 2.0 for the Lab strain to 15.1 for the 
Winnsboro, LA strain. Resistance ratios (RRs) for permethrin
Table l.l. Toxicity of permethrin to third-instar soybean looper larvae with and without 
pretreatment with insecticide synergists, 1992
Strain® N Synergist Slope
(SE)
ld50c
(95% C. L.)
SR RRe 
(95% C. L.)
X
Lab
Youngsville
Winnsboro
St. Joseph
(table con'd)
293
131
152
none 
10 ng PB 
10 jug DEF
3 . 24 
(0.30) 
3 . 61 
(0.58) 
3 . 50 
(0.46)
0. 08 
(0.07-0.09) 
0. 04 
(0.03-0.09) 
0. 09 
(0.08-0.11)
2.0
0.9
1.1
1.3
1.2
188 none 1.95 0. 22 --- 2.7 1.6
(0.31) (0.17-0.28) (2.0-3.5)
163 10 /ig PB 4.43 0. 06 3.7 1.5 1.0
(0.62) (0.05-0.07) (1.2-2.0)
158 10 ng DEF 1.53 0.22 1.0 2.3 0.1
(0.45) (0.11-0.31) (1.3-4.0)
386 none 2.04 1. 06 --- 12.8 9.4
(0.17) (0.76-1.48) (1.9-86.1)
277 10 (j,g PB 2.22 0.07 15.1 1.7 0.7
(0.29) (0.05-0.09) (1.3-2.4)
173 10 /zg DEF 2.94 0.77 1.4 8.1 1.8
(0.36) (0.63-0.94) (6.1-10.6)
215 none 2.50 1.10 --- 14.1 1.7
(0.28) (0.90-1.33) (11.3-19.7)
200 10 fig PB 3.01 0. 08 13.8 2.1 4.1
(0.33) (0.05-0.11) (1.6-2.8)
200 10 ^g DEF 2.06 0.88 1.3 9.8 1.3
(0.25) (0.70-1.11) (7.1-13.4)
Texas
Puerto Rico
178 none 2.02 1.20 --- 14.8 4.6
(0.28) (0.58-2.02) (11.1-19.7)
180 10 jtxg PB 2 .28 0.14 8.6 3 . 5 4.2
(0.29) (0.08-0.21) (2.5-4.9)
160 none 2.50 39.12 --- 426.6 1.8
(0.37) (31.87-49.83) (332.8-546.9)
181 10 jug PB 1.85 8.53 4 . 6 222.2 2.2
(0.24) (6.48-11.12) (51.7-956.1)
153 20 /ig PB 2.72 5.25 7.5 ---- 1.6
(0.39) (4.27-6.79)
140 10 /ug DEF 3 . 63 27.01 1.4 286.8 0.1
(0.53) (22.40-32.61) (219.8-374.2)
aSee text for description; Youngsville, Winnsboro, and St. Joseph strains collected from 
Louisiana.
bNumber tested excluding controls.
cIn fj.g permethrin/g body weight of larvae.
dSR = LD50 without synergist/LD50 with synergist.
®RR and 95% C. L. calculated according to the formula of Robertson and Preisler (1992), 
relative to the lab strain.
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alone (95% C. L. in parentheses) in the Louisiana strains 
ranged from 2.7 (2.0-3.5) to 14.1 (11.3-17.6). In all of the 
Louisiana strains tested, SRs with PB were nearly equal or 
greater than the unsynergized RRs. Resistance ratios with PB 
in these strains were reduced to 1.5 (1.2-2.0), 1.7 (1.3-
2.4), and 2.1 (1.6-2.8) relative to the synergized lab
strain. Permethrin toxicity was increased 8.6-fold by PB in 
the Texas strain, which was 14.8 (11.1-19.7)-fold resistant 
without PB. A slightly higher level of resistance, 3.5 (2.5- 
4.9)-fold, remained in this strain after PB treatment. The 
Puerto Rico strain possessed a higher level of resistance, 
426.6 (332.8-546.9)-fold, to permethrin than any previously 
reported in the soybean looper, and pretreatment with 10 nq 
PB increased permethrin toxicity only 4.6-fold. Because of 
this, a second dose of PB, 20 nq, also was tested on this 
strain. Toxicity was increased only slightly, with an SR of 
7.5.
Pretreatment of larvae with 10 ^g DEF failed to 
significantly increase toxicity of permethrin in any of the 
soybean looper strains tested (Table 1.1). Insufficient 
numbers of F1 larvae were obtained to test DEF in the Texas 
strain.
Two Louisiana strains were tested with PB in 1993 (Table
1.2). Results were similar to 1992 in that permethrin 
resistance was completely suppressed by PB. These strains 
were 9.4 (6.8-13.1) and 9.8 (7.0-13.7)-fold resistant to
Table 1.2. Synergism of permethrin and methomyl by 10 nq piperonyl butoxide in soybean 
looper laboratory and field strains, 1993.
Strain3 Nb Insecticide Slope
(SE)
LD50C 
(95% C. L.)
SRd RRe
(95% C. L.)
X2
Lab 245 Permethrin 3 . 66 
(0.39)
0.07 
(0.06-0.08)
_  _ _ —  —  —  — 2.5
131 Permethrin + PB 3.61 
(0.58)
0. 05 
(0.03-0.09)
1.4 —  —  —  — 3.4
152 Methomyl 2.55
(0.30)
2 . 34 
(1.92-2.93)
--- _ _ _ _ _ 1.6
190 Methomyl + PB 3 . 73 
(0.48)
0. 89 
(0.62-1.45)
2 . 6 6.4
St. Gabriel 180 Permethrin 1.70
(0.22)
0.75 
(0.56-1.01)
--- 9.8
(7.0-13.7)
3.4
150
178
Permethrin + PB 
Methomyl
1.69 
(0.34) 
1.36 
(0.20)
0.08 
(0.03-0.13) 
11.22 
(5.87-19.45)
9.4 1.4 
(1.0-2.0) 
4.8 
(3.1-7.3)
3.1
4.7
150 Methomyl + PB 3 . 35 
(0.47)
2.13
(1.39-3.18)
5.3 2.4 
(1.9-3.0)
3.9
Jeanerette 180 Permethrin 1.76
(0.22)
0.72
(0.54-0.97)
--- 9.4
(6.8-13.1)
3.1
180 Permethrin + PB 2.91
(0.38)
0.06
(0.04-0.09)
12 .0 1.1 
(0.9-1.5)
5.3
(table con'd)
HVO
aSee text for description of strains.
dumber tested excluding controls.
cIn 11 g permethrin/g body weight of larvae.
dSR = LD50 without synergist/LD50 with synergist.
eRR and 95% C. L. calculated according to the formula of Robertson and Preisler (1992), 
relative to the lab strain.
CO
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permethrin without PB, but toxicity with PB was not 
significantly different than in the lab strain.
Methomyl also was tested in one strain in 1993 (Table
1.2) . The resistance ratio was lower than for permethrin, 4.8 
(3.1-7.3)-fold, and PB increased toxicity of methomyl 5.3- 
fold. The synergized LD50 was 2.4 (1. 9-3 . 0)-fold higher in
this strain relative to the lab strain. Piperonyl butoxide 
increased methomyl toxicity 2.6-fold in the lab strain.
Field Tests. At 3 DAT in the 1992 field trial, a highly 
significant treatment effect was observed (F=11.75, 4, 12 df, 
P=0.0004) . There was no significant difference in numbers of 
soybean looper larvae in untreated plots and plots treated 
with permethrin alone at 0.11 kg (AI)/ha or PB alone at 1.12 
kg (AI)/ha (Table 1.3) . Plots treated with permethrin + PB at 
0.56 and 1.12 kg (AI)/ha had significantly fewer larvae than 
plots treated with permethrin alone (Table 1.4). By 6 DAT, 
the treatment effect was not significant (F=2.8l, 4,12 df, 
P=0.074).
In the 1993 trial, a significant treatment effect was 
observed at 2 and 7 DAT (F=9.3 0 and 12.39, respectively, 6,18 
df, P=0.0001). Numbers of larvae in plots treated with 
permethrin alone at 0.11 kg (AI)/ha and those treated with PB 
alone at 1.12 kg (AI)/ha were not significantly different 
than numbers found in untreated plots (Table 1.3). Thiodicarb 
at 0.50 kg (AI)/ha, permethrin + 0.56 kg (AI)/ha PB, and 
permethrin + 1.12 kg (AI)/ha PB all significantly reduced
Table 1.3. Mean number of soybean looper larvae (SEM)/25 sweeps in soybean plots treated 
with insecticides, Winnsboro, LAa.
1992 1993
Treatment Rateb 3 DATC 6 DAT 2 DAT 7 DAT
Permethrin 0.11 10.4 (2.7) 6.8 (1.8) 106.5 (14.7) 100.8 (18.5)
Permethrin + 
PB
0.11
0.28
— ■- — ■- 70.0 (25.3)* 91.8 (19.2)*
Permethrin + 
PB
0.11 
0. 56
3.5 (1.0)* 6.8 (1.6) 62.5 (8.5)* 57.5 (5.9)*
Permethrin + 
PB
0.11 
1.12
1.6 (0.7)* 2.0 (0.8)* 9.3 (5.1)* 9.3 (3.4)*
Thiodicarb 0. 50 — ■- — — 7.5 (1.8)* 5.8 (1.8)*
PB 1.12 11.3 (2.1) 6.8 (1.9) 159.0 (28.3) 146.3 (15.7)
Untreated Control --- 9.0 (0.9) 8.8 (2.2) 154.8 (29.9) 147 . 0 (9.2)
aMeans followed by * are significantly different from the untreated control (P<0.05, 
Dunnet's t test). 
kRate in kg (AI)/ha. 
cDays after treatment.
ro
Table 1.4. Comparison of selected contrasts between individual insecticide treatments, 
Winnsboro, LA.
1992
3 DAT 6 DAT 2 DAT
1993
7 DAT
Contrast8 F-Value0 F-Value F-Value F-Value
Permethrin vs 
Thiodicarb
11.87* 29.38*
Permethrin vs 
Permethrin + 0. 28 kg PB
--- --- 1.60 0.26
Permethrin vs 
Permethrin + 0.56 kg PB
14.91* 0.0 4.43* 22.16*
Permethrin vs 
Permethrin + 1.12 kg PB
24.15* 5.06* 11.34* 27.26*
Thiodicarb vs 
Permethrin + 1.12 kg PB
--- --- 0.01 0.04
Thiodicarb vs 
Permethrin + 0.56 kg PB
--- --- 3.69 8.72*
al df for all comparisons.
Significant differences (P<0.05) are indicated by *.
toU)
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numbers of larvae compared to permethrin alone (Table 1.4). 
Permethrin + 0.28 kg (AI)/ha PB did not significantly reduce 
numbers of larvae below permethrin alone. There were no 
significant differences in numbers of larvae in plots treated 
with permethrin + 0.56 or 1.12 kg (AI)/ha PB and those 
treated with thiodicarb. At 7 DAT results were similar except 
that there were significantly fewer larvae in plots treated 
with thiodicarb than in those treated with permethrin + 0.56 
kg (Al)/ha PB.
Discussion
The bioassay data confirm geographic differences in 
permethrin resistance. Resistance was higher in strains 
collected outside Louisiana (Texas and Puerto Rico strains) 
on hosts that were more heavily treated with insecticides 
than soybean. Within Louisiana, resistance was higher in 1992 
in strains from North Louisiana (Winnsboro and St. Joseph), 
where cotton is widely grown, than in South Louisiana 
(Youngsville) where cotton is not grown. Cotton growing areas 
in Louisiana and Mississippi have previously been associated 
with higher levels of resistance (Leonard et al. 1990,
Felland et al. 1990). Resistance may be increasing in South 
Louisiana, however, because RRs were higher in the 1993 
strains, which were both from South Louisiana, relative to 
the Youngsville strain from 1992 and previous data on strains
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from this area of the state (Leonard et al. 1990, Mink & 
Boethel 1992).
These data also demonstrate geographic differences in 
expression of resistance mechanisms related to selection 
pressure on hosts other than soybean. Suppression of 
resistance by PB suggests that metabolism by mixed-function 
oxidases is the primary mechanism in populations collected in 
Louisiana. A significant level of target-site resistance, or 
metabolism not suppressed by PB, is likely present in Puerto 
Rico, and this may also have played a greater role in 
resistance in the Texas population.
Oxidative metabolism may have become more important as 
resistance evolved in Louisiana. Rose et al. (1990) found 
evidence for target-site resistance in a Louisiana population 
which was 3-fold resistant to permethrin and also had 
increased activity of several metabolic enzymes. They 
reported no increase in permethrin toxicity in this strain 
when permethrin and PB were coapplied in a 1:1 ratio. Use of 
a constant, high dose of PB, as recommended by Scott (1990), 
may have made its effects more apparent.
Esterases do not appear to be an important factor in 
permethrin resistance in soybean looper based on lack of 
synergism by DEF. Dowd & Sparks (1987) found DEF to be a 
potent in vitro inhibitor of trans-permethrin ester hydrolysis in 
an insecticide-susceptible lab strain of soybean looper, but 
did not observe significant synergism of permethrin or
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fenvalerate by DEF. They did report a 1.5-fold increase in 
toxicity in this strain with coapplication of PB:permethrin 
at a 10:1 ratio.
Piperonyl butoxide also has been reported to have 
effects other than metabolic suppression, primarily increased 
penetration of insecticides (Sun & Johnson 1972). Experiments 
with radiolabelled cypermethrin (see Chapter 2) , however, 
suggest that this does not occur with pyrethroids and soybean 
looper. Studies with permethrin and PB in other insects have 
also found no increase in penetration (Scott & Georghiou 
1986, Bull & Patterson 1993). Even if PB affects processes 
other than metabolism, the geographic variability observed in 
response to this synergist demonstrates differences in the 
way some soybean looper populations avoid permethrin 
intoxication.
Piperonyl butoxide did not increase toxicity of methomyl 
to the degree observed with permethrin. While permethrin 
resistance levels as low as 3-fold have been associated with 
reductions in field efficacy of permethrin (Leonard et al. 
1990), the difference in susceptibility between the St. 
Gabriel and Lab strains noted in this study is not likely 
representative of true "resistance" to methomyl, because 
methomyl has been generally effective for soybean looper 
control in Louisiana in recent years (Thomas et al. 1993). 
Efficacy of methomyl for soybean looper control in soybean is 
reportedly lower in other states such as Georgia (McPherson
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& Perry 1990), however, and additional studies with PB and 
methomyl in strains from other areas may be needed.
Data from the field trials demonstrate that management 
of permethrin-resistant soybean looper larvae in Louisiana 
soybean is technically feasible with a mixture of permethrin 
at 0.11 kg (AI)/ha + PB 1.12 kg (AI)/ha. This treatment 
appears to be as effective as the current chemical standard, 
thiodicarb. However, this is not likely to be a practical 
long-term strategy for two reasons. First, the relatively low 
profit margin afforded by soybean production probably would 
prevent such a treatment from being economical. Second, as 
the bioassay data demonstrate, there are geographic 
differences in response to PB, and it is likely that a low 
level of target-site resistance is already present in 
Louisiana. This strategy would most likely result in 
increased selection for target-site resistance and a 
concomitant decline in efficacy of permethrin + PB. Indeed, 
previous use of PB-insecticide mixtures for control of pests 
such as the Colorado potato beetle, Leptinotarsa decemlineata 
(Say), have proven only temporarily effective (Georghiou 
198 6) . Nevertheless, use of the synergist may be warranted in 
certain situations, such as if a loss of efficacy of other 
insecticides occurs.
Piperonyl butoxide increases toxicity of pyrethroids to 
other major insect pests such as the tobacco budworm, 
Heliothis virescens (F). (Campanhola & Plapp 1989, Elzen et
al. 1993). If PB becomes widely used on crops within the 
range of the soybean looper, such as cotton, which serve as 
hosts for the insect, it will be interesting to determine if 
the response to the synergist changes over time in Louisiana 
and other areas.
CHAPTER 2
CHARACTERIZATION OF PYRETHROID RESISTANCE IN 
A PERMETHRIN-SELECTED STRAIN OF THE SOYBEAN LOOPER, 
PSEUDOPLUSIA INCLUDENS (WALKER)
Introduction
Pyrethroid insecticides have had a major impact on 
chemical control of arthropods and are widely used in 
agricultural, veterinary, and public health pest management. 
However, resistance to pyrethroids is becoming increasingly 
common and threatens their long-term utility. For example, 
permethrin was very effective for control of the soybean 
looper, Pseudoplusia includens (Walker) (Lepidoptera: 
Noctuidae), until the late 1980s, when efficacy began to 
decline, and resistance was soon documented (Leonard et al. 
1990, Felland et al. 1990). This insect is a serious pest of 
soybean and has evolved resistance to a number of 
insecticides (Boethel et al. 1992).
The three most common biochemical mechanisms of 
resistance to pyrethroids include reduced neuronal 
sensitivity (target-site resistance), enhanced metabolism 
through oxidation and/or ester hydrolysis, and reduced 
cuticular penetration. In the only previous study of 
permethrin resistance mechanisms in the soybean looper, Rose
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et al. (1990) found evidence of enhanced metabolism as well 
as target-site resistance in a field-collected strain from 
Louisiana that was 3-fold resistant. In 1992, results from 
studies with synergists and field-collected strains of 
soybean looper suggested that metabolism by mixed-function 
oxidases (MFOs) is the primary mechanism of pyrethroid 
resistance in Louisiana (Chapter 1). Resistance was 
completely suppressed by piperonyl butoxide (PB) in these 
strains. Laboratory strains were established from collections 
in Louisiana in 1992 and one strain was selected for 
increased resistance to permethrin. The objectives of these 
studies were to further explore the role of oxidative 
metabolism in, and the effects of PB on, pyrethroid 
resistance in the soybean looper.
Materials and Methods 
Chemicals. Technical-grade insecticides tested were 
provided by manufacturers as follows: permethrin, 94.6%, FMC 
Corporation, Philadelphia, PA; cypermethrin, 95%, FMC; 
deltamethrin, 98.9%, Rhone-Poulenc Ag Company, Research 
Triangle Park, NC; tefluthrin, 91.5%, Zeneca Ag Products, 
Richmond, CA; BRC 429, 93%, Zeneca Ag Products; and piperonyl 
butoxide, 88.9%, Fairfield American Corporation, Frenchtown, 
NJ. Glucose-6-phosphate, glucose-6-phosphate dehydrogenase, 
bovine serum albumin (BSA), nicotinamide adenine dinucleotide 
phosphate (NADP) , /;-nitroanisole (PNA) , and /?-nitrophenol
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were purchased from Sigma Chemical Co., St. Louis, MO. 
Phenylthiourea, trichloroacetic acid (TCA), and potassium 
chloride (KC1) were purchased from Aldrich Chemical Co. , 
Milwaukee, WI. 14C-cypermethrin (phenoxybenzyl alcohol- 
labelled, 53 mCi/mmol, 97+% purity) was provided by ICI 
Agrochemicals, Jeallot's Hill, UK.
Insects and Rearing Procedures. Three strains of soybean 
looper were used in these studies. The susceptible (S) strain 
was obtained from the United States Department of Agriculture 
(USDA). This strain has been maintained at USDA laboratories 
at Stoneville, MS since 1980. It is periodically supplemented 
with field-collected individuals, but has not been exposed to 
insecticides in the laboratory and is considered susceptible 
to pyrethroids. Both the resistant (R) and non-selected (NS) 
strains were established from the same collections of larvae 
from soybean in several Louisiana parishes in Aug 1992. These 
larvae were reared to adults in the laboratory, and their 
progeny were pooled and then split into the R and NS strains. 
The R strain was selected with permethrin by topical 
application beginning with the F1 larvae from field 
collections. Selection doses were increased to correspond 
with ~LD50 of each generation until the F6. Beginning with the 
F6 generation, the selection dose was maintained at 0.1 nq 
permethrin/larva, which killed «30-50% of larvae in the 
subseguent generations. The NS strain was not exposed to 
insecticides. The following experiments were conducted with
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several generations of the R and NS strains starting with F7. 
Bioassays in each generation indicated that permethrin 
tolerance did not change significantly throughout the course 
of these studies (data not shown).
Larvae were reared on a pinto bean based artificial diet 
(Burton 1967) in a rearing room at 27 ± 3°C. Adults were 
maintained in the same rearing room in 9.3 1 plastic buckets, 
fed a 10% honey solution, and allowed to oviposit on paper 
towels. Eggs of the S strain were obtained from USDA as 
needed for experiments.
Bioassay Procedures. Third instar larvae weighing 20-30 
mg and topical application procedures were used for all 
bioassays (Leonard et al. 1990). Ten larvae were placed in a 
237 ml paper cup with «80 ml fresh artificial diet. For 
bioassays with PB, larvae were treated on the dorsal abdomen 
with 10 nq of synergist in 1.0 jul solutions of acetone, 10 
min prior to application of insecticides, which were applied 
to the dorsal thorax in 1.0 /xl aliquots of acetone. This dose 
of PB was the maximum non-toxic dose for S strain larvae. 
Control larvae were treated with acetone alone. All topical 
applications were made with a Hamilton #705 syringe and 
microapplicator. Structures of the insecticides tested are 
presented in Fig. 2.1.
Treated larvae were maintained in an environmental 
chamber at 26.5 ± 1°C. Mortality was scored at 72 h, and a 
larva was considered dead if it could not move within 15 s
J ^ J X O
Cl Cl
Permethrin
CN
Cypermethrin
CN
Br Br
CH.
CF.
Tefluthrin
BRC 429
Deltamethrin
Figure 2.1. Structures of pyrethroids tested against soybean looper strains.
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after being prodded. A minimum of four doses and 30 larvae 
per dose were used for all bioassays. Data were analyzed by 
probit analysis using POLO-PC (LeOra Software, Berkeley, CA) . 
The criterion for significant difference in toxicity was non­
overlap of confidence limits LD50 values.
Enzyme Assays. Mixed-function oxidase activities were 
measured by the method of Hansen & Hodgson (1971), as 
modified by Kirby et al. (1994). Assay conditions were 
optimized with respect to pH, incubation time, and protein 
content (data not shown) in preliminary experiments. Fifth 
instar larvae in the process of shedding the head capsule 
were segregated from the colony and then used for assays 
within 24 h of molting to the sixth instar. Only actively 
feeding larvae were used. Individual midguts were dissected 
and homogenized in 500 jul of 1.15% ice-cold KC1 and a few 
crystals of phenylthiourea with ten strokes of a hand-held 
glass homogenizer. Homogenates were transferred to centrifuge 
tubes and spun for 10 min at 10,000# at 4°C. The resulting
supernatants were used as the enzyme source. Duplicate 
reaction mixtures contained (in a final volume of 200 nl) : 
enzyme homogenate (0.052-0.155 mg protein representing 0.16 
insect equivalent), phosphate buffer (0.1 M, pH 7.7) and an 
NADPH generating system consisting of 1.18 mM NADP, 24 mM D- 
glucose 6-phosphate and 0.25 units glucose 6-phosphate 
dehydrogenase. Non-enzymatic blanks contained homogenate and 
buffer only. Reactions were initiated by adding 2 fj, 1 PNA (35
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mM final concentration in ethanol) and incubated for 30 min 
in a water bath at 2 5°C. Reactions were stopped and protein 
precipitated by addition of 40 //I of 50% TCA. Tubes were 
centrifuged at 10,000g for 5 min, then 175 ill of supernatant
were added to wells of a microplate that contained 25 /zl of 
10 M sodium hydroxide. Absorbance was read at 405 nm using a 
Molecular Devices Thermomax microplate reader. Absorbance 
values were corrected for non-enzymatic activity and 
converted to pmoles /?-nitrophenol formed/min using an
experimentally derived "extinction coefficient" of 10.408 
(200 jul'1 min'1) . Protein content was determined by the 
method of Bradford (1976) using BSA as standard. Data were 
analyzed by analysis of variance (PROC GLM, SAS Institute 
1985) and Fisher's Protected LSD test.
Effect of Piperonyl Butoxide on 14C-Cypermethrin 
Pharmacokinetics. Sixth instar larvae of the R strain were 
used to test the effect of PB on 14C-cypermethrin 
pharmacokinetics using a technique modified from Little et 
al. (1989). Actively feeding larvae were separated less than 
24 h after molting to the sixth instar. Larvae were 
pretreated on the abdomen with 1 til of either acetone or 50 
/ug of piperonyl butoxide (in acetone). Preliminary tests 
indicated that, at this dose, PB produced maximal levels of 
synergism with cypermethrin. Ten minutes later, larvae were 
treated on the thorax with 0.008 jug of 14C-cypermethrin in 1 
jul acetone. At this dose levels of mortality 24 h post­
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treatment were 0% (PB only), 0% (cypermethrin only), and 58% 
(cypermethrin + PB). Treated larvae were then placed in 13 X 
100 mm glass culture tubes that were plugged with artificial 
diet and ventilated with a plastic pipette tip. Larvae were 
maintained at 2 6.5°C.
After 24 h, surviving larvae were removed from the 
holding tubes and placed in clean culture tubes containing 3 
ml of acetone, and tubes were shaken briefly to rinse 
unpenetrated 14C-cypermethrin from the exterior of the larvae. 
The acetone then was decanted into another tube and 
evaporated under vacuum to ~30 ill. Unpenetrated 14C- 
cypermethrin was quantified by liquid scintillation counting 
(LSC) in 3 ml of scintillation cocktail (National Diagnostics 
Liquiscint) using a Beckman LS 7500 scintillation counter.
For quantitation of cypermethrin metabolites in excreta, 
two ml of methanol were added with mixing to holding tubes 
containing the larval feces, and the tubes were stored 
overnight at room temperature. Tubes then were shaken 
vigorously and centrifuged at 1000g. Supernatants were 
removed and fecal pellets were washed by adding two ml of 
methanol, then tubes were centrifuged at 1000g. The
supernatants were pooled, evaporated under nitrogen to «30 ill 
volume, and applied to the cellulose prelayer of a silica gel 
thin layer chromatography plate (TLC) (Whatman LK5DF). Tubes 
were rinsed once with 30 ill of methanol and twice with 30 ill 
ethyl acetate, which was co-applied with methanolic extracts
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to the plates. For quantitation of internal metabolites, 
rinsed carcasses were chilled on ice and homogenized in two 
ml of methanol using a motorized tissue homogenizer (Janke & 
Kunkel Ultra Turrax). Extraction of metabolites and 
application to TLC plates were identical to that described 
above.
After spotting zones had dried, TLC plates were 
developed in toluene: ethyl acetate: acetic acid (75:25:1). 
One lane of each plate contained 1 /xl of stock 14C- 
cypermethrin alone and radioactivity recovered from this lane 
was used as the measure of the dose applied to larvae. After 
development, plates were dried and each lane was divided 
horizontally into 1 cm sections that were scraped and placed 
into plastic scintillation vials with 3 ml of scintillation 
cocktail. Vials were stored for 24 h before radioactivity 
was quantified by LSC. Radioactivity in fecal extracts 
corresponding to the location of the 14C-cypermethrin standard 
was subtracted from the applied dose since there is no 
evidence that parent cypermethrin can be excreted (Little et 
al. 1989), providing a measure of the dose to which larvae 
were exposed. Data are expressed as a percentage of the 
exposed dose and were analyzed by a t-test.
Results
Deltamethrin was the most toxic insecticide tested to S 
strain larvae, followed by cypermethrin, permethrin, BRC 429,
and tefluthrin (Table 2.1). Deltamethrin was significantly 
more toxic than permethrin, but not cypermethrin, and 
tefluthrin was significantly less toxic than the other 
insecticides. In bioassays with the NS strain, the order of 
toxicity was deltamethrin > permethrin > cypermethrin, 
although differences were not significant. Tefluthrin and BRC 
429 were not tested with the NS strain. In the R strain, the 
order of toxicity was deltamethrin > BRC 429 > tefluthrin > 
permethrin > cypermethrin. Deltamethrin and BRC 429 (but not 
tefluthrin) were significantly more toxic than permethrin and 
cypermethrin to the R strain.
Levels of resistance and synergism to these insecticides 
varied among strains (Table 2.1). Resistance in the NS strain 
was greatest to deltamethrin (32.3-fold), followed by 
cypermethrin (27-fold) and permethrin (12.1-fold). The R 
strain was most resistant to cypermethrin (145.3-fold), 
followed by permethrin (7 0.0-fold) and then deltamethrin 
(62.4-fold). More synergism by PB was observed with 
deltamethrin and cypermethrin than permethrin in the NS 
strain, but the opposite was true in the R strain. However, 
PB significantly increased toxicity of all insecticides 
tested in the NS and R strains. Only deltamethrin and 
tefluthrin were significantly synergized by PB in the S 
strain. R strain larvae were less resistant to tefluthrin and 
BRC 429 (4.3 and 17.7-fold, respectively) and less synergism 
of these insecticides was observed.
Table 2.1. Resistance to pyrethroids and synergism by piperonyl butoxide in third instar 
larvae of soybean looper strains.
Treatment Strain Na Slope (SE) LD50 (95% C. L.)b RRC SRd
Permethrin S 245 3.66 0. 39) 0. 073 (0.064-0.083)
NS 199 2.39 0.27) 0.880 (0.712-1.086) 12 .1
R 179 3 . 57 0. 44) 5. Ill (4.366-5.996) 70.0
Permethrin + PB S 247 4.76 0.87) 0. 052 (0.030-0.067) 1.4
NS 190 3 .72 0.41) 0. 070 (0.058-0.083) 1.3 12 . 6
R 150 3.12 0.43) 0.192 (0.156-0.236) 3.7 2 6.6
Cypermethrin S 180 1.86 0.27) 0.047 (0.020-0.077)
NS 150 2.39 0.33) 1.270 (0.695-2.374) 27.0
R 176 2.02 0.29) 6.829 (5.377-8.764) 145.3
Cypermethrin + PB S 240 1.81 0. 22) 0.025 (0.010-0.044) 1.9
NS 120 2.26 0. 39) 0.093 (0.057-0.182) 3.7 13 .7
R 150 1.29 0.25) 0.346 (0.220-0.512) 13.8 19.7
Deltamethrin S 195 1.77 0.23) 0. 022 (0.016-0.029)
NS 180 1.65 0. 22) 0.711 (0.525-0.965) 32.3
R 179 1.72 0.22) 1.372 (1.021-1.844) 62.4
Deltamethrin + PB S 139 1.75 0.30) 0. 004 (0.002-0.005) 5.5
NS 190 1.50 0.21) 0.025 (0.013-0.045) 6.3 28.4
R 180 1.77 0.23) 0.103 (0.076-0.138) 25.8 13 . 3
Tefluthrin S 159 3.02 0. 39) 0.600 (0.488-0.733)
R 183 2.10 0.26) 2.578 (1.385-4.702) 4.3
(table con'd)
Tefluthrin + PB S 150 3 . 61 (0.51)
R 176 4.66 (0.59)
BRC 429 S 200 4.17 (0.59)
R 189 3.21 (0.39)
BRC 429 + PB S 120 7.09 (1.16)
R 246 2.20 (0.25)
aNumber tested excluding controls.
bIn jug insecticide/g body weight of larvae.
cLD50/LD50 of S strain.
dLD50 without PB/LD5Q with PB.
0.208 (0.136-0.322) 2.9
0.436 (0.322-0.570) 2.1 5.9
0.096
1.701
(0.056-0.143) 
(1.213-2.322) 17.7
0.064 (0.057-0.072) 1.5
0.182 (0.119-0.285) 2.8 9.3
o
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Levels of MFO activity in R strain larvae were 
significantly greater (P<0.05, LSD test) than those in the S 
and NS strains (1.8 and 1.4-fold, respectively; Fig. 2.2), 
but there was no significant difference in MFO activity 
toward the substrate tested between NS strain larvae and S 
strain larvae. Protein content was slightly higher in R and 
NS strain homogenates than in S strain homogenates, averaging 
115.0, 115.5, and 91.6 /ug/assay in R, NS, and S strains,
respectively. However, even when expressed relative to 
protein content, MFO activity was still significantly higher 
in R strain larvae than in the S and NS strains (1.5 and 1.4- 
fold, respectively, P<0.05).
Frequency profiles of MFO activity (Fig. 2.2) in 
individual larvae varied between strains. Activity was 
uniformly distributed in the S strain, with fewer than 5% of 
individuals expressing >110 pmoles/min/insect equivalent. 
Activity was more variable in the NS strain, with 23.3% of 
individuals expressing >110 pmoles/min/insect equivalent. 
Activity in the R strain was uniformly distributed except for 
13.3% individuals that expressed >200 pmoles/min/insect 
equivalent. Overall, 4 0% of R strain individuals expressed 
>110 pmoles/min/insect equivalent.
The distribution of 14C-cypermethrin and metabolites in 
R strain larvae with and without PB treatment is shown in 
Table 2.2. The level of 14C-cypermethrin in the cuticle wash 
of PB treated larvae was 2.8-fold higher than in larvae not
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Strain Mean ±  SEM*
2 0 -5 0  5 0 -8 0  8 0 -1 1 0  1 1 0 -1 4 0  1 4 0 -1 7 0  1 7 0 -2 0 0  > 2 0 0
MFO ACTIVITY
Figure 2.2. Frequency histogram of MFO activity (expressed as pmoles p-nitrophenol 
formed/min/insect equivalent) from midguts of individual larvae of soybean looper 
strains. *Means followed by the same letter are not sig. different (P<0.05, LSD), 
N = 30 for all strains.
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Table 2.2. Location of 14C-cypermethrin and metabolites in 
individual R strain larvae with and without pretreatment 
with PB.
Treatment3 N Cuticle6 Internal6 Excreted6
PB 40 21.1 (2.1)* 17.7 (1.0)* 31.4 (1.5)
No PB 40 7.6 (1.2) 13.8 (0.5) 32.5 (1.1)
*Significantly different, P<0.05, t-test.
a58% mortality in PB treated larvae; no mortality in larvae 
not treated with PB.
‘’Mean % of exposed dose (SEM) .
treated with PB, indicating that PB significantly decreased 
penetration of insecticide (P<0.05, t-test). Significantly 
more parent 14C-cypermethrin was detected in tubes containing 
the excreta of PB treated insects (4.5% vs. 2.7% of the 
applied dose) and is probably a result of more insecticide 
being present on the cuticle and subject to "ruboff" from 
these insects. Significantly more radioactivity was also 
observed in internal extracts from PB treated larvae (17.7% 
of the dose to which PB-treated larvae were exposed versus 
13.8% in larvae not treated with PB) , but there was no 
significant difference in radioactivity in excreta extracts. 
Overall recovery of the applied dose was significantly higher 
in PB treated larvae (71.5%) than in non-PB treated larvae 
(55.0%), primarily as a result of the much higher level of 
14C-cypermethrin recovered from the cuticle wash of those 
insects.
Four distinct peaks of radioactive metabolites were 
observed in TLC analysis of excreta from both treatments. 
Three of these corresponded closely with the metabolites 
identified by Little et al. (1989) as polar conjugate, which 
remained at the origin, trans-3-(2 , 2-Dichlorovynl) -2-2- 
dimethyl-cyclopropanecarboxylic acid, and trans-hydroxy
cypermethrin (Rf values of 0.36 and 0.67, respectively). The 
fourth peak had an Rf value of 0.24 and could not be 
identified. Conjugate represented the largest fraction of the 
radioactivity in excreta and there was no significant
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difference between treatments in this regard (45.3% and 47.9% 
of radioactivity in excreta of PB treated and untreated 
larvae, respectively). Also, only two distinct peaks, which 
corresponded to conjugate and frvms-hydroxy cypermethrin, were
identified in internal extracts, and there was no difference 
between treatments in this regard (data not shown). In 
addition, total metabolites isolated from excreta and 
internal extracts were not significantly different between 
treatments (47.1% and 44.9% of the exposure dose in PB 
treated and untreated larvae, respectively).
Discussion
The observation that all insecticides tested were 
significantly more toxic when R and NS strain larvae were 
pretreated with PB suggests that MFO metabolism plays a 
prominent role in pyrethroid resistance in the soybean 
looper. The greatest increases in toxicity were observed with 
ester pyrethroids with a phenoxybenzyl alcohol moiety. 
Tefluthrin, with a fluorinated phenyl alcohol moiety, was 
synergized to a lesser degree in R strain larvae, and less 
resistance to this insecticide was present. Similar results 
have been observed in houseflies expressing metabolic 
resistance, which were much less resistant to the fluorinated 
phenyl alcohol pyrethroid fenfluthrin than to phenoxybenzyl 
alcohol pyrethroids (Scott & Georghiou 1986). This suggests 
that the phenoxybenzyl alcohol may be an important site for
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metabolism, a finding consistent with those of Little et al.
(1989) for pyrethroid-resistant tobacco budworm, Heliothis 
virescens (F.). The phenyl ring of tefluthrin does contain 
a non-fluorinated site at the 4 1 position, which may be a 
potential site for metabolism.
The level of resistance to the non-ester pyrethroid, BRC 
429, was greater in the R strain than that with tefluthrin, 
but less than with the other insecticides. Esterases may 
have played a role in resistance in the R strain given the 
lower resistance to BRC 429. Previous studies with kdr strains
of houseflies have found non-ester pyrethroids ineffective in 
overcoming resistance (Elliot et al. 1987, Pederson 1986), 
but studies in insects with metabolic resistance are lacking.
Interestingly, R and NS strains displayed resistance 
levels that were as great or greater to the a-cyano 
pyrethroids, deltamethrin and cypermethrin, than to 
permethrin. Permethrin is the only pyrethroid that has been 
used for soybean looper control in soybean, but populations 
may be exposed to a-cyano pyrethroids on other crops because 
the insect is polyphagous and also feeds on crops such as 
cotton and vegetables (Herzog 1980). However, the soybean 
looper is not a major pest on these crops in most areas. 
Previous studies with field strains of soybean looper have 
noted that resistance to such pyrethroids as A-cyhalothrin, 
cypermethrin, and fenvalerate is higher than permethrin in
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some cases, but lower in others (Leonard et al. 1990, Felland 
et al. 1990).
Bioassay data suggest that mechanisms other than 
enhanced metabolism influenced resistance in the R strain. 
Lower levels of synergism were observed in R strain larvae 
treated with cypermethrin and deltamethrin, and slopes of 
probit lines were lower in response to these insecticides 
than to permethrin. This suggest that target-site resistance 
may have been more of a factor in resistance to the a-cyano 
pyrethroids than it was with permethrin.
The increased MFO activity toward PNA observed in R 
strain larvae suggests that the increased tolerance to 
pyrethroids resulting from laboratory selection of R strain 
larvae with permethrin was at least in part due to increases 
in MFO activity. However, the data indicate that PNA is 
probably a poor model (non-insecticide) substrate for assay 
of MFO activity in pyrethroid-resistant field strains of 
soybean looper, because no difference in metabolism was 
observed between S and NS strain larvae, despite significant 
resistance and synergism in the NS strain. Levels of 
resistance to permethrin and synergism by PB in the NS strain 
were essentially identical to that observed in the parent 
field strains from which the NS and R strains were derived 
(Chapter 1) . Similar results have been observed for PNA 
metabolism in pyrethroid-resistant field strains of H. 
virescens (Kirby et al. 1994). Analysis of other model
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substrates for increased activity correlated with resistance 
and synergism may prove valuable.
Results from experiments with uC-cypermethrin are 
difficult to interpret. The data strongly suggest that PB 
does not increase toxicity as result of enhancing insecticide 
penetration, which has been reported with some insects and is 
sometimes a criticism of synergist studies (DeVries & 
Georghiou 1981, Sun & Johnson 1972) . Other studies with 
houseflies and cockroaches showed no such effect on 
penetration of permethrin and fenvalerate (Bull & Patterson 
1993, Bull & Pryor 1990, Scott & Georghiou 1986). Rapid 
metabolism could speed penetration of insecticide by 
maintaining a large difference between external and internal 
concentrations, and if metabolism is inhibited by a 
synergist, penetration may also be inhibited (Ford et al. 
1981). However, no differences in metabolism could be 
detected from these studies. Little et al. (1989) did find 
differences in metabolism of 14C-cypermethrin between PB 
treated and non-treated H. virescens. but did not report 
penetration data. As a result, the effects of PB on the 
pharmacokinetics of pyrethroids in the soybean looper were 
unclear from these experiments. Oppenoorth (1985) suggests 
that synergists may have greater effects on resistant strains 
by influencing the whole pharmacokinetic process, but Scott
(1990) has argued that this is not a common phenomenon.
In summary, these data suggest that enhanced oxidative 
metabolism is a major mechanism of pyrethroid resistance in 
the soybean looper. They indicate that increases in 
metabolic resistance above that observed in strains 
comparable to field populations may occur with increased 
selection by pyrethroids. They also suggest that other 
mechanisms, probably including target-site resistance, are 
involved.
CHAPTER 3
INHERITANCE OF PERMETHRIN RESISTANCE IN THE 
SOYBEAN LOOPER (LEPIDOPTERA: NOCTUIDAE)
Introduction
The soybean looper, Pseudoplusia includens (Walker) 
(Lepidoptera: Noctuidae), is a major defoliating pest of
soybean in the southeastern United States. Outbreaks of the 
pest are managed primarily with insecticides, but management 
is complicated by resistance to every class of insecticide 
used to control the soybean looper (Boethel et al. 1992). 
Until recently, the pyrethroid permethrin was the preferred 
insecticide for soybean looper control. However, efficacy 
began to decline in the late 1980s and resistance was 
subsequently documented in Louisiana and Mississippi (Leonard 
et al. 1990, Felland et al. 1990). Soybean producers would 
prefer to continue use of permethrin for soybean looper 
control if resistance could be managed, because it is 
relatively inexpensive and controls several other soybean 
pests (Mink & Boethel 1992).
Because pesticide resistance is a genetic phenomenon, a 
complete understanding of resistance requires some knowledge 
of how it is inherited (Roush & Daly 1990). Studies of the 
number of genes affecting resistance and their dominance
50
51
relationships have been used to design resistance management 
programs. The inheritance of insecticide resistance has been 
extensively studied in the Diptera, but much less is known in 
lepidopteran pests, particularly for inheritance of 
resistance to pyrethroids. The inheritance of permethrin 
resistance in the diamondback moth, Plutella xvlostella (L.) , 
has been reported to be autosomal and incompletely recessive 
(Liu et al. 1981, Yu 1993). Permethrin resistance in the 
tobacco budworm, Heliothis virescens (F.), has also been 
reported to be autosomal and incompletely recessive, and to 
segregate as either a single, major gene (Payne et al. 1988) 
or as a polygenic trait (Watson & Kelly 1991) in different 
strains. Osman et al. (1990) found permethrin resistance to 
be incompletely dominant in the pink bollworm, Pectinophora 
qossvpiella (Saunders). These studies suggest that the 
manner in which pyrethroid resistance is inherited in 
lepidopteran pests may vary depending on species and strain. 
No studies of insecticide resistance inheritance in the 
soybean looper have been reported.
The objective of these experiments was to characterize 
the inheritance of permethrin resistance in a resistant 
strain of soybean looper developed from collections in 
Louisiana. Implications for management of permethrin 
resistance are also discussed.
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Methods and Materials 
Insects. The permethrin-susceptible (S) reference 
strain of soybean looper was obtained from the United States 
Department of Agriculture at Stoneville, MS, where it has 
been in culture since 1980. This strain is occasionally 
supplemented with wild insects, but it has not been exposed 
to insecticides in the laboratory. The resistant (R) strain 
was begun with larvae collected from soybean in Lafayette, 
Franklin, and Tensas parishes of Louisiana in August of 1992. 
Larvae were reared to adults in the laboratory and
individuals from each collection were pooled to form the R 
strain. This strain was selected with permethrin (technical 
grade, 94.6 % purity; 60:40 cis:trans, FMC Corporation,
Philadelphia, PA) by topical application, beginning with the 
F1 larvae. The selection dose was increased to correspond to 
~LD50 of each generation until the F6. Beginning with this 
generation, larvae were selected with 0.1 /ug
permethrin/larva. Mortality declined from «50% at this dose 
to ~30% in the final selection before crossing experiments. 
Adults from the F9 generation, which had been selected with 
permethrin as larvae, were used to initiate crossing 
experiments. All larvae were reared on a pinto bean-based 
artificial diet modified from Burton (1967). Larvae and 
adults were maintained in a rearing room at 27 ± 3°C and 50 
± 10% relative humidity. Pupae were placed in 9.3 1 plastic 
containers on a layer of moistened vermiculite. Adults were
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fed 10% honey in water and provided with paper towels for an 
oviposition substrate.
Genetic Crosses. The R and S strains were reciprocally 
mass crossed (R9 X So’, S9 X Ref) to produce the F1 generation 
for testing. Sixth instar larvae were sexed according to the 
presence of the yellow, developing testes (Shour & Sparks 
1981) and held individually until pupation in 29 ml plastic 
cups with artificial diet. Pupae were placed in 9.3 1
plastic containers for mating as previously described. Equal 
numbers of male and female pupae were used in each container, 
and each container held 75-100 pairs of pupae. F1 larvae were 
sexed and held as previously described for backcross to the 
S strain, and randomly selected, unsexed F1 pupae were used 
as a source of adult insects to produce the F2 generation.
Bioassay Procedures. Actively feeding, late third 
instar larvae weighing 20-30 mg were used for bioassay 
(Leonard et al. 1990). Ten larvae were placed in a 237 ml 
paper cup containing «80 ml fresh artificial diet. Larvae 
were treated on the thoracic dorsum with 1 j. 1 aliquots of 
permethrin in acetone (or acetone alone as a control), using 
a Hamilton #705 syringe (Hamilton Co., Reno NV) and 
microapplicator. Because of evidence (see Chapter 2) that 
resistance was largely a result of enhanced metabolism that 
was suppressible with piperonyl butoxide (PB), bioassays were 
also conducted with permethrin + PB (technical grade, 88.9 %, 
Fairfield American Corp., Frenchtown, NJ). When PB was used,
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larvae were treated with 10 jug of PB on the dorsal abdomen, 
10 min prior to application of permethrin.
Treated larvae were held in an environmental chamber at 
2 6.5 ± 1 °C. Mortality was scored at 72 h, and a larva was 
considered dead if it could not move after being prodded. A 
minimum of 5 doses and three replications per dose were used 
for each bioassay.
Data Analysis. Bioassay data were analyzed by probit 
analysis using POLO-PC (LeOra Software, Berkeley, CA) . A 
standard chi-square (%2) analysis, as described by Preisler 
et al. (1990) and Tabashnik (1991), was conducted on data 
from the backcross generation to test whether resistance was 
inherited as a single gene. The degree of dominance of the 
resistance trait was calculated according to Stone (1968a), 
with the approximate 95% confidence interval for dominance 
calculated according to Preisler et al. (1990).
Results
The parental R strain was 93.2-fold resistant to 
permethrin when crossed with the S strain (Table 3.1). LD5Qs 
of the reciprocal crosses (R9 X See, S9 X Ref) were virtually 
identical (Table 3.1), indicating no sex-linked or maternal 
effects on resistance. Therefore, all subsequent analysis 
and discussion are based on the pooled LD50 value for the F1 
generation. Resistance appeared to be inherited as a 
codominant trait, with a degree of dominance = 0.25 and
Table 3.1. Toxicity of permethrin and permethrin + PB to larvae of soybean looper strains and 
crosses.
Strain or Cross3 Nb Doses Slope (se) L D 50 (95% C. L.)c x2
S 245 5 3 . 66 0. 39) 0. 073 (0.064-0.083) 2.5
S + PB 247 5 4.76 0.87) 0. 052 (0.030-0.067) 3.4
R 270 5 3 .17 0. 33) 6.806 (5.937-7.747) 2.7
R + PB 238 5 1.95 0.25) 0.221 (0.124-0.331) 3.8
S9 X Ref 294 6 2 .18 0.20) 1.253 (1.033-1.521) 0.9
S9 X Ref + PB 230 5 2.87 0.31) 0.082 (0.057-0.115) 4.1
R9 X Scf 240 6 1.86 0.20) 1.247 (0.977-1.577) 2.7
R9 X Scf + PB 189 5 3.15 0.37) 0.084 (0.069-0.100) 1.6
Pooled F1 
Pooled F1
534 6 2 . 03 0.14) 1.254 (1.080-1.455) 2.8
+ PB 419 5 2.99 0.23) 0. 083 (0.065-0.104) 3.8
BC (F. X S) 537 11 1.52 0.12) 0.264 (0.182-0.373) 23.3d
BC + PB 400 8 3.15 0.26) 0.076 (0.046-0.110) 33.3d
F2 624 13 1.32 0. 09) 0.751 (0.577-0.988) 14.9
F2 + PB 400 8 2.70 0.27) 0.074 (0.040-0.109) 25.4d
aS = susceptible parent, R = resistant parent, BC = backcross. 
dumber of larvae tested excluding controls. 
cIn /jg insecticide/g body weight of larvae. 
dX2 is significant (P<0.05).
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approximate 95% confidence interval of 0.18-0.32. The F1 
generation was 17.2-fold more tolerant to permethrin than the 
S strain and 5.4-fold less tolerant than the R strain. 
Slopes of the probit lines for the F1, backcross, and F2 
generations were lower than that of the R and S parent 
strains.
Chi-square values for the R, S, and F1 strains were 
nonsignificant (Table 3.1), which indicates that the probit 
model was adequate for analysis of bioassay data with these 
strains. However, %2 values for the backcross, backcross + 
PB, and F2 + PB bioassays were significant. This suggests 
that these strains were not homogenous in their response to 
permethrin or permethrin + PB, and that genotypes were 
segregating in these crosses.
Chi-square analysis of expected mortality in the 
backcross generation in response to permethrin alone, 
assuming simple Mendelian inheritance and one resistance 
gene, is shown in Table 3.2 for each dose tested. The 
overall %2 value was highly significant, rejecting the 
hypothesis that resistance is inherited as a single gene. 
Mortality for several individual doses also was significantly 
different than expected. Also, no distinct plateau was 
observable in a plot of observed mortality in the backcross 
generation (Figure 3.1). Such plateaus have often been cited 
as evidence of a single major resistance gene or factor
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Table 3.2. Chi square analysis of soybean looper mortality 
in backcross generation treated with permethrin alone.
Dose3 df N Obsb Expc x 2
0. 001 1 45 0 4.019 4.412*
0.00175 1 50 7 12.300 3 . 029
0.0025 1 45 16 16.Ill 0. 001
0.00375 1 60 30 27.390 0.458
0.005 1 50 19 25.150 3 . 026
0.0075 1 45 24 24.728 0.047
0. 01 1 50 34 29.075 1.993
0.0175 1 45 37 29.606 5. 399*
0. 025 1 50 43 35.875 5.009*
0.05 1 47 42 39.316 1.121
0. 10 1 50 45 46.375 0. 562
Total 10 25.057**
*Significant (P<0.05).
**Significant (P<0.01).
ali g permethr in/larva; mean larval wt 0.0234 g. 
dumber of larvae killed.
cExpected number of larvae killed assuming simple Mendelian 
inheritance and one resistance gene.
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Figure 3.1. Log-dose probit mortality responses to permethrin alone of soybean 
looper larvae of the susceptible (S), and resistant (R) parent strains, and F1 and 
backcross (BC-Obs) crosses, with expected mortality of the backcross (BC-Exp) 
plotted.
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segregating in the backcross (eg Payne et al. 1988, Stone 
1968b).
Discussion
The effectiveness of the standard backcross method in 
determining the number of genes involved in resistance has 
been criticized (Preisler et al. 1990, Tabashnik 1991). 
Several observations about these data support the conclusion 
derived from this method, however. First, as Tabashnik
(1991) has reported, the ability to distinguish between 
monogenic and additive polygenic inheritance is strongly 
dose-dependent, with extreme high and low doses and doses 
close to the LD50 of the backcross generation having less 
ability to discriminate between the two hypotheses. In this 
study, two of the doses with mortality significantly 
different than expected correspond to «LD75 and ~LD82 of the 
backcross generation, intermediate between LD50 and LD95, and 
thus within the range expected to be more powerful for 
distinguishing between monogenic and polygenic resistance.
Second, the synergist data reported here suggest that 
oxidative metabolism is the primary mechanism of resistance 
in the R strain, but this does not account for all of its 
resistance, because the R strain was 4.3-fold resistant to 
permethrin + PB. Data from enzyme assays and structure- 
activity studies (Chapter 2) support this conclusion. 
Treatment of R strain larvae with PB actually reduced the
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slope of the probit line in response to permethrin, contrary 
to what might be expected if PB-suppressible metabolism 
accounted for all of the resistance.
In addition, treatment of the backcross and F2 
generations with PB resulted in significant %2 values for the 
probit lines. This suggests that these populations were 
heterogenous in their response to the combination of 
permethrin + PB, as would be expected if a proportion of the 
population possessed a resistance mechanism other than 
metabolism. For example, if resistance is assumed to be 
digenic, then four genotypes would be expected in the 
backcross, with half of these carrying one copy of the second 
(non-PB suppressible) resistance allele. In the F2 
generation, nine genotypes would be expected, with three 
carrying one copy and three carrying both copies of the 
second resistance allele. A plot comparing the response of 
the backcross and F2 generations to permethrin vs. permethrin 
+ PB would seem to support this hypothesis. In each case, a 
plateau in mortality was observed at several permethrin doses 
near the top of the range tested when larvae were also 
treated with PB (Figure 3.2). In contrast, the probit model 
adequately described data for the F2 generation treated with 
permethrin alone. Via (1986) has suggested that this model 
may adequately describe some cases of polygenic resistance. 
Given that nine genotypes with a gradient in tolerance to 
permethrin might be present in the F2 generation from these
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Figure 3.2. Comparison of log-dose probit mortality responses to permethrin of 
soybean looper larvae of the backcross (BC) and F2 (F2) crosses without PB 
treatment, to responses with PB treatment (BC + PB, F2 + PB).
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experiments, this could explain why probit analysis 
adequately described dose-mortality data for the F2 
generation in response to permethrin alone.
Many models of resistance management and resistance 
development assume that resistance is monogenic (eg Georghiou 
& Taylor 1977, Taylor & Georghiou 1979), and a number of 
authors have argued that in practical field situations, this 
is normally the case (see review by Roush & McKenzie 1987). 
However, arguments against this theory have been proposed 
(Firko 1991, Via 1986, Wood & Bishop 1981), and several 
studies of lepidopteran species have concluded that 
resistance to various pyrethroids was polygenic (Brewer & 
Trumble 1992, Liu et al. 1981, Watson & Kelly 1991).
Resistance monitoring is the backbone of resistance 
management programs (Roush & Miller 1986), and attempts to 
quantify the frequency of "the" resistance allele in 
populations may result in erroneous conclusions about that 
frequency if in fact more than one genetic locus affects 
resistance (Firko 1991). Indeed, one argument suggests that 
quantifying the frequency of "the" resistance allele is of 
little practical concern (Firko 1991). However, resistance 
monitoring programs utilizing methods such as the adult vial 
technique (Plapp et al. 1990) and larval vial technique (Mink 
& Boethel 1992) do in fact quantify the frequency of 
resistant phenotypes in a population, and are based on well- 
defined concentrations of insecticide that discriminate
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between resistant and susceptible phenotypes, thus providing 
the information essential to judge the success of a 
resistance management program.
Probably of more practical concern than allele 
frequencies is the degree of dominance of a resistance trait. 
Effective dominance can be manipulated by the rate or dose of 
insecticide used in the field (Tabashnik & Croft 1982, Taylor 
& Georghiou 1977, Taylor et al. 1983). Field rates that kill 
most hybrids effectively result in recessive resistance even 
if dose-mortality data for the hybrid strain are more similar 
to the resistant parent than susceptible parent strain. 
Dose-mortality studies have been conducted on field strains 
of soybean looper from Louisiana annually since 1987 (Leonard 
et al. 1990, Mink & Boethel 1992, Chapter 1) and during this 
period a slight rise in resistance levels has been observed, 
but resistance has never exceeded 14.1-fold. During this same 
period, permethrin efficacy at labelled rates in field trials 
has declined from an average of 77% control to 22% in 1993 
(Boethel et al. 1992, Leonard et al. 1994, Wier et al. 1994). 
The level of resistance observed in the F1 generation in this 
study, 17.2-fold, therefore suggests that permethrin 
resistance in the soybean looper (at least in this case) is 
in fact effectively dominant.
Dominant resistance may provide a mechanism for 
susceptible alleles to remain in the population if 
heterozygotes carrying these alleles survive exposure to the
insecticide. However, survival of heterozygotes diminishes 
insecticide efficacy. Application of the Hardy-Weinberg 
Equilibrium Model suggests that most resistance alleles would 
be carried by heterozygotes when resistance allele 
frequencies (regardless of the number of loci) are low. 
Therefore, even relatively low frequencies of resistance 
alleles can result in a significant number of resistant 
phenotypes if resistance is dominant. Thus, these data help 
explain the decline in permethrin efficacy for soybean looper 
control and suggest that prospects for management of 
permethrin resistance are questionable at best.
CHAPTER 4
DIET INFLUENCES ON PERMETHRIN SUSCEPTIBILITY AND 
GROWTH OF SOYBEAN LOOPER LARVAE 
(LEPIDOPTERA: NOCTUIDAE)*
Introduction
Soybean looper, Pseudoplusia includens (Walker) 
(Lepidoptera: Noctuidae), is a highly polyphagous insect,
with at least 28 plant families noted as hosts (Herzog 1980). 
On soybean, larvae feed on the underside of leaves and 
complete development in « 14 days (Kogan & Cope 1974) . Little 
information exists on the suitability of plants other than 
soybean as a larval host. Mitchell (1967), in a field cage 
study, reported that the total development period of soybean 
looper larvae was longer on cotton than soybean but pupal 
weight was no different; no other developmental parameters 
were examined.
Cotton appears to be particularly important in the 
population dynamics of soybean looper when both cotton and 
soybean are important components of the agroecosystem. 
Burleigh (1972) found that soybean looper populations in 
soybean were greater in the soybean-cotton agroecosystem of
*Reprinted with permission from J. Econ. Entomol. 86: 1236- 
1240 (1993).
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Louisiana than in a mixed hardwood-soybean or soybean-rice 
ecosystem. Cotton nectar is an excellent carbohydrate source 
for soybean looper moths (Jensen et al. 1974), and it is
hypothesized that this is the prime reason for population 
outbreaks in these agroecosystems.
The composition of related looper species in cotton may 
have changed with the advent of pyrethroid insecticides. In 
the 1960s, surveys of cotton in Louisiana and Alabama found 
that the predominant species was the cabbage looper, 
Trichoplusia ni (Hiibner) (Hensley et al. 1964, Canerday &
Arant 1966). Pyrethroids were used heavily in cotton 
beginning in the late 1970s, and in 1988 and 1991, surveys of 
looper larvae in pyrethroid-treated cotton in Louisiana noted 
>90% soybean looper (unpublished) . Also, permethrin 
resistance in soybean looper has been associated with cotton 
growing regions in Louisiana and Mississippi, probably as a 
result of selection of larvae and possibly also adults in 
cotton (Leonard et al. 1990, Felland et al. 1990, Boethel et 
al. 1992) .
Plant allelochemicals are known to induce activity of 
enzymes, such as mixed-function oxidases, that detoxify 
insecticides (Brattsten et al. 1977). Cotton is rich in 
allelochemicals, including tannins and terpenoids such as 
gossypol (Zummo et al. 1984). Perkins & Canerday (1971) 
reported that gossypol increased tolerance of bollworm, 
Helicoverpa zea (Boddie), to methyl parathion. Mullins &
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Pieters (1982) reported that tobacco budworm, Heliothis 
virescens (F.), was more susceptible to methyl parathion and 
permethrin when reared on high gossypol cotton lines, but 
this was apparently because of differences in the size of 
larvae. Muelheisen et al. (1989) found that similar size 
bollworms were more tolerant to methyl parathion after 
feeding on gossypol, but permethrin toxicity was unaffected. 
No research of this type has been reported for soybean 
looper.
The objectives of this study were to determine the 
influence of diet on the toxicity of permethrin to soybean 
looper and to compare soybean and cotton as hosts for larvae. 
Several strains of soybean looper, that differed in 
permethrin tolerance, were reared on a standard artificial 
diet, soybean foliage, and cotton foliage and bioassayed 
with permethrin. Larvae of three strains also were reared 
individually on soybean and cotton foliage and the length of 
stadia and weight gain throughout larval development was 
noted.
Materials and Methods
Permethrin Bioassays. Three soybean looper strains were 
used in permethrin tests. The laboratory (LAB) strain has 
been maintained at USDA laboratories at Stoneville, MS since 
1980, without exposure to insecticides, and is susceptible 
to permethrin. The selected (SEL) strain was collected from
permethrin-treated soybean at Blackville, SC (Barnwell 
County) in September, 1990. This strain was maintained in the 
laboratory for six generations without insecticide exposure, 
and then was selected with permethrin for three consecutive 
generations (F7-F9) . The first two selections were made with 
0.005 jug permethrin/larva («LD50 and LD30 in generations F7 and 
F8, respectively) and the third selection was made with 0.01 
/ig/larva (~LD50 in F9) . Larvae from the next generation (F10) 
were used for these experiments. The field (FLD) strain was 
started with larvae collected from untreated soybean at St. 
Joseph, LA (Tensas Parish), in August 1991. These larvae were 
reared to adults in the laboratory and their progeny (F,,) 
were used for testing.
Larvae from each strain were split into three groups and 
reared on a pinto bean-based artificial diet, soybean
foliage, or cotton foliage. The artificial diet was modified 
from Burton (19 69), substituting brewer's yeast for torula 
yeast and a propionic + phosphoric acid mixture for
formaldehyde. Greenhouse grown 'Centennial' soybean and
'Deltapine 50' cotton were used for foliage. Plants were 
grown in 18 cm pots using a Convent silt-loam soil and 
supplemented with artificial light for a photoperiod of 14:10 
(L:D). Four to five seeds were planted per pot and both 
soybean and cotton were fertilized with a dilute fertilizer 
solution (Miracle-Gro 15-30-15, Stern's Products, Inc., Port 
Washington, NY) at planting; soybean seed also were
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inoculated with Bradvrhi zob ium iaponicum (Nitragin, 
Liphatech, Inc., Milwaukee, WI) . Pots were watered as needed, 
and ~3 wk after planting, plants were thinned to three per 
pot, at which time cotton plants received a second 
application of fertilizer. Test foliage was selected from 
plants «8-10 wk old; at this time cotton plants were just 
beginning to bloom and soybean plants were in the V12-V14 
growth stage (Fehr et al. , 1971). Both cotton and soybean
foliage were taken at random from fully expanded leaves, 
except that leaves in the terminal of cotton plants were not 
used.
In the laboratory, foliage was rinsed with tap water and 
placed in 10 cm petri dishes with a piece of moistened filter 
paper. Ten neonate SBL larvae were placed in each dish within 
2 h of eclosion. Larvae were monitored daily, and foliage 
was changed at least every 48 h. Larvae reared on artificial 
diet were maintained in 237 ml wax coated paper cups 
containing ~ 80 ml artificial diet, with 12-15 larvae per 
cup. All larvae were maintained in a rearing room at 27 ± 2°C 
with a photoperiod of 14:10 (L:D).
Actively feeding larvae weighing 20-30 mg were used for 
the bioassays (Leonard et al. 1990). Five larvae were 
transferred to a petri dish or diet cup containing fresh 
foliage or artificial diet. Each larva was treated on the 
thoracic dorsum with a 1 ill aliquot of technical grade 
permethrin (60:40 cis:trans; FMC Corp., Middleport, NY) in
acetone using a Hamilton syringe. Six doses (as a minimum) 
plus an acetone control were used for each strain on each 
diet, and each test was replicated three or four times. 
Mortality was scored at 72 h, and a larva was considered dead 
if it did not move within 15 s after being prodded. For the 
LAB strain, two groups of larvae that hatched at the same 
time were divided and reared on all three diets. An 
additional group was reared on artificial diet and soybean 
only. For the SEL and FLD strains, one group was divided and 
reared on each diet for testing. Data were analyzed by probit 
analysis using POLO-PC (LeOra Software, Berkeley, CA). The 
criterion for significant differences in LD50 values was 
failure of 95% confidence limits to overlap.
Growth Tests. Both the LAB and SEL strains also were 
used in comparisons of larval development on soybean and 
cotton. In addition, a third strain, designated COT, was 
tested. This strain consisted of the progeny (F1) of larvae 
collected from a cotton field near Red Cross, LA (Pointe 
Coupee Parish).
Larvae were reared on foliage grown under the same 
conditions as that for the permethrin bioassays. One neonate 
larva was placed in a 10 cm petri dish with moistened filter 
paper and a soybean leaflet or cotton leaf trimmed to fit the 
dish. Larvae were placed on foliage within 2 h of eclosion 
and were maintained in an environmental chamber at 26 ± l'C 
and 50% RH with a photoperiod of 14:10 (L:D). Larvae were
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monitored daily and foliage was changed at least every 48 h. 
Data were collected on the length of each larval stadium, and 
beginning with the third stadium, larvae were weighed daily 
to the nearest mg using a top-loading electronic balance. 
Molting was determined by the presence of the shed head 
capsule or the resumption of feeding after a period of 
wandering behavior (Shour and Sparks 1981). One group of each 
strain on both diets was tested. Data were analyzed by t- 
tests between diets for each strain.
Results and Discussion 
Soybean looper larvae from all three strains, when 
reared on cotton foliage, were less susceptible to permethrin 
than larvae reared on the pinto bean based artificial diet 
(Table 4.1). The ratios of cotton-reared to artificial diet- 
reared LD5Qs ranged from 1.8 to 2.3. There were no significant 
differences in LD5Qs of soybean and artificial diet-reared 
larvae among any of the strains. Cotton-reared larvae of the 
SEL strain were 2-fold less susceptible than those reared on 
soybean; no differences in LD5Qs between cotton-reared and 
soybean-reared larvae were noted in the other strains. 
Similar differences in permethrin toxicity have been reported 
between fall armyworm, Spodoptera fruqiperda (J. E. Smith) 
reared on cotton and bermudagrass or millet (Wood et al. 
1981), although no significant differences in permethrin
Table 4.1. Responses of soybean looper strains reared on various diets to topical application 
of permethrin.
Strain8 diet Nb Slope ± S. E. LD50 (95% C. L)c x2
artificial 584 3.27 ± 0.47 0.06 (0.05-0.08) 1.83
LAB soybean 368 1.90 ± 0.23 0.09 (0.05-0.12) 3.08
cotton 270 2.00 ± 0.28 0.14 (0.10-0.18) 5. 39
artificial 229 2.47 ± 0.30 0.69 (0.55-0.87) 4.90
SEL soybean 232 2.34 ± 0.27 0. 79 (0.56-1.12) 7.65
cotton 223 1.91 ± 0.23 1.55 (1.22-2.06) 3.30
artificial 229 1.98 ± 0.25 0.47 (0.38-0.59) 3.56
FLD soybean 226 2.02 ± 0.23 0.73 (0.58-0.92) 1.89
cotton 229 1.96 ± 0.26 0.83 (0.62-1.09) 2.17
aSee text for description of strains.
^otal no. larvae treated excluding controls. 
ciug insecticide/g larval wt.
vj
to
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toxicity were reported between fall armyworm reared on cotton 
and soybean.
These data illustrate the importance of testing 
different strains of the same insect species in studies of 
this type. Individual strains vary in their inherent 
resistance to an insecticide, and may also differ in their 
ability to respond to dietary allelochemicals. The history of 
insecticide exposure of a strain is an important factor in 
the development of resistance, and selection for resistance 
may select for enzymes used to detoxify both allelochemicals 
and insecticides. In that case, dietary effects on 
insecticide tolerance may be even greater in more resistant 
strains.
It is uncertain whether a 2-fold difference in 
susceptibility such as noted between soybean and cotton- 
reared SEL strain larvae could result in less efficacious 
control of soybean looper on cotton. However, permethrin 
resistance ratios as low as 3-fold have been associated with 
reduced soybean looper control in soybean (Leonard et al. 
1990). If low levels of resistance occur along with 
operational problems, such as reduced insecticide coverage, 
a significant decline in field control in cotton would be 
likely.
Larvae from all three strains of soybean looper tested 
required significantly longer to develop from eclosion to 
pupation when reared on cotton (Table 4.2). Larvae and pupae
Table 4.2. Selected developmental parameters of soybean looper strains reared on soybean 
and cotton foliage
Strain Diet Na
Development time 
(days) ± SEMb
Maximum 
wt (mg)
larval 
± SEMb
Pupal 
(mg) ±
wt
SEMb
LAB soybean 25 (23) 13.74 + 0.36* 249.8 + 7.2** 181.1 + 5.6**
cotton 25 (17) 17.29 + 0.28 269.9 + 7.9 196.8 + 5.7
SEL soybean 20 (15) 14.80 + 0.22* 298.9 + 10.1** 230.2 + 6.2
cotton 20 (19) 20.79 + 0. 65 326.4 + 7.2 232 .1 + 4.9
COT soybean 50 (44) 16. 50 + 0.15* 318.8 + 6.2* 233.8 + 5.5*
cotton 50 (40) 19.38 + 0.21 360.0 + 6.7 259.1 + 4.7
aNo. started on each diet (no. successfully pupated).
Values followed by * and ** for a given strain are significantly different between diets 
at P< 0.05 and P< 0.10, respectively (t-test).
vj
4*
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from all three strains also tended to attain higher maximum 
weights when reared on cotton, although the level 
ofsignificance varied with strain and stage. Mortality prior 
to pupation ranged from 5-32% (Table 4.2). Beach & Todd 
(1988) used similar techniques to study soybean looper- 
resistant soybean genotypes and reported comparable pre-pupal 
mortality of 31% on a commercial soybean looper-susceptible 
cultivar.
Several individual stadia of the COT strain were 
significantly longer when reared on cotton (Fig. 4.1). Most 
of the delay in development occurred in later stadia, but the 
first stadium also was significantly extended. The period 
indicated as post-fifth stadium (Fig. 4.1) includes the sixth 
and seventh stadia of a small percentage of larvae that 
passed through a seventh stadium. There was no apparent 
difference in the two diets in this regard; 5/40 larvae 
(12.5%) that completed development on cotton and 4/44 (9.1%) 
on soybean required seven stadia. Although soybean looper is 
most often reported to develop in six stadia, supernumerary 
stadia have been reported in larvae reared on artificial diet 
(Shour & Sparks 1981) and soybean foliage (Beach & Todd 
1988) . When development required seven stadia, a 2-3 d sixth 
stadium was followed by a 4-5 d seventh stadium. When the 
ultimate larval stadium was the sixth, it lasted 4-6 d 
(soybean) or 5-7 d (cotton).
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Figure 4.1. Duration of individual stadia ± SEM for COT strain soybean looper 
larvae reared on cotton and soybean (*, significantly different; P<0.05, df = 85, 
t test).
H  Cotton n  Soybean
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Significant differences in weights of COT strain larvae 
were not apparent until the ultimate stadium (Fig. 4.2) . Most 
weight gain occurred during this period, as expected. About 
75% of total food consumption of soybean looper larvae 
occurs during the final stadium (Kogan & Cope 1974).
These data indicate that, although soybean looper larvae 
develop more slowly on cotton, this plant is a suitable host 
for larvae. No evidence of greater mortality or increased 
incidence of supernumerary stadia was observed on cotton, as 
has been reported with resistant soybean genotypes (Beach & 
Todd 1988) . If larger pupae result in more fecund adults, as 
reported in some insects (Hough and Pimentel 1978) , a soybean 
looper female that develops on cotton might lay more eggs 
than one developing on soybean. This hypothesis remains to be 
tested with soybean looper, however. The increase in larval 
development time results in longer generation times for 
individuals developing on cotton, which probably has a 
negative effect on soybean looper population dynamics. 
Because cotton nectar is an important nutritional source for 
soybean looper moths (Jensen et al. 1974), this effect may 
not reduce the frequent population outbreaks observed in 
mixed soybean-cotton agroecosystems (Burleigh 1972).
Insecticide efficacy may be diminished in cotton if 
larvae are more able to respond to insecticides as a result 
of enzyme induction by cotton allelochemicals. However, 
during the course of a 2-3 wk larval stage, soybean looper is
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Figure 4.2. Averate daily weight gain for COT strain soybean looper larvae reared 
on soybean and cotton. Each data point represents an instar ± SD from third to 
pupation.
likely to be exposed to multiple applications of insecticides 
used for bollworm-tobacco budworm control in cotton in most 
seasons. As a result, insecticide selection pressure is 
likely to be intense and a major influence on insecticide 
resistance development and management of soybean looper on 
both cotton and soybean.
SUMMARY AMD CONCLUSIONS
During the course of this research, information was 
developed in the areas of pyrethroid resistance mechanisms, 
geographic and host-related effects on resistance, 
inheritance of permethrin resistance, and dietary effects on 
growth and permethrin tolerance in soybean looper larvae. 
Findings are summarized by chapter below.
CHAPTER 1. Synergism of Insecticides Against Resistant 
Soybean Looper Larvae (Lepidoptera: Noctuidae) in the
Laboratory and Field.
1. The mixed-function oxidase inhibitor piperonyl butoxide 
(PB) completely synergized permethrin at a dose of 10 
/itg/larva in soybean looper strains collected from soybean in 
Louisiana that possessed permethrin resistance levels of 2.7 
to 14.1-fold. Significant synergism was also obtained by PB 
in a strain collected from cotton in Texas, which was 14.8- 
fold resistant, but low levels of resistance remained after 
PB treatment in this strain. In a strain collected from 
peppers in Puerto Rico that possessed the highest reported 
level of permethrin resistance (426.6-fold), permethrin 
toxicity was increased only 4.6 and 7.5-fold, respectively, 
by 10 and 20 nq PB/larva.
2. No significant synergism was observed in any soybean 
looper strains treated with 10 /xg/larva of the esterase 
inhibitor S,S,S tributylphosphorotrithioate (DEF).
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3. Synergism of methomyl by PB was lower than with permethrin 
in one Louisiana strain tested.
4. Efficacy of permethrin at 0.11 kg Al/ha plus PB at 1.12 kg 
Al/ha was significantly better than permethrin alone at 0.11 
kg Al/ha in field trials in Louisiana. Soybean looper control 
with this treatment was comparable to the current recommended 
standard insecticide, thiodicarb, at 0.50 kg Al/ha.
CHAPTER 2. Characterization of Pyrethroid Resistance in a 
Permethrin-Selected Strain of the Soybean Looper, 
Pseudoplusia includens (Walker).
1. A permethrin-resistant laboratory strain of soybean 
looper, which was developed by selection of larvae from 
Louisiana field populations, possessed comparable levels of 
resistance to two a-cyano pyrethroids, cypermethrin and 
deltamethrin. In contrast, resistance was much lower to the 
fluorinated phenyl alcohol pyrethroid tefluthrin. 
Intermediate levels of resistance were present to the non­
ester pyrethroid BRC 429. All insecticides tested were 
synergized by PB, but lower levels of synergism were observed 
with tefluthrin and BRC 429.
2. Mixed-function oxidase activity, as measured by p- 
nitroanisole metabolism, was significantly higher in the 
resistant strain than in a susceptible lab strain and a non­
selected strain from the same origins as the resistant
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strain. However, no difference in metabolism was observed 
between the non-selected and susceptible strains.
3. Penetration of 14C-cypermethrin was significantly 
decreased in resistant larvae treated with PB, but no 
difference was detected in metabolites between PB-treated and 
untreated larvae.
CHAPTER 3. Inheritance of Permethrin Resistance in the 
Soybean Looper (Lepidoptera: Noctuidae).
1. Resistance in the resistant laboratory strain was 
inherited as a codominant trait, with a degree of dominance 
of 0.25 and 95% C. L. of 0.18-0.32.
2. Resistance appeared to be conferred by more than one gene 
based on a standard chi-square analysis, and this conclusion 
was supported in parallel bioassays with PB.
3. Although resistance was codominant in the laboratory, 
comparison of the level of resistance in F1 hybrids with 
historical data on resistance in field populations suggests 
that resistance may be effectively dominant in the field.
CHAPTER 4. Diet Influences on Permethrin Susceptibility and 
Growth of Soybean Looper Larvae (Lepidoptera: Noctuidae).
1. Larvae from several strains of soybean looper were more 
susceptible to permethrin when reared on artificial diet than 
when reared on cotton. A strain selected for several 
generations with permethrin was more susceptible when reared
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on soybean than when reared on cotton. There were no 
significant differences in susceptibility between artificial 
diet-reared and soybean-reared larvae in any of the strains 
tested.
2. Individual larvae reared on cotton developed more slowly 
than those reared on soybean, but larvae and pupae also 
tended to attain higher weights. There was no difference in 
survival or incidence of supernumerary instars between 
soybean and cotton diets.
Results from these studies confirm geographic 
differences in permethrin resistance levels in the soybean 
looper. They also indicate that differences exist in 
resistance mechanisms. The primary resistance mechanism in 
Louisiana is enhanced oxidative metabolism that is 
suppressible with PB, but in overwintering areas other 
mechanisms are present. Metabolism by esterases does not 
appear to be important in the development of resistance. The 
data also illustrate the importance of alternate hosts, such 
as cotton and vegetables, in resistance development. Efforts 
to manage insecticide resistance in the soybean looper may 
need to be concentrated in overwintering areas and on crops 
that are more heavily treated with insecticides than soybean. 
This should include monitoring of resistance levels and 
mechanisms in these populations so that the appearance of 
resistant individuals in Louisiana can be anticipated.
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Results from bioassays with structurally altered 
pyrethroids and increases in MFO activity observed in enzyme 
assays also suggest that enhanced metabolism is a major 
mechanism of pyrethroid resistance in the soybean looper. 
These data also indicate that other mechanisms become 
important with increased selection. Penetration of 
pyrethroids is not enhanced by PB, but the exact role of PB 
in pharmacokinetics of pyrethroids in the soybean looper 
warrants further study.
Results from the inheritance study suggest that 
permethrin resistance is not likely to decrease significantly 
in the near future. Hybrid larvae from crosses between 
resistant and susceptible individuals are likely to express 
levels of resistance that make them very difficult to control 
with permethrin. Because a significant number of individuals 
in a population may carry at least one resistance gene even 
when frequencies of these genes (regardless of the number of 
loci involved) are relatively low, the proportion of the 
population that is phenotypically resistant will probably 
remain at unacceptable levels even with some decline in 
resistance gene frequencies.
Soybean looper larvae that develop on cotton are 
probably a significant source of resistant individuals as a 
result of inadvertant selection by insecticide treatments. 
The longer development time on this host may have some 
negative impact on population dynamics, but also increases
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the period in which larvae may be exposed to insecticides, 
thus strengthening the selection pressure. Other than 
increased developmental time, cotton appears to as good a 
host as soybean for this insect.
Ultimately, successful management of economically 
damaging populations of soybean looper will depend on 
integration of several management tactics. Soybean producers 
may not always be able to rely on an inexpensive, highly 
effective insecticide treatment such as permethrin provided 
in the early years after its introduction. Although 
permethrin + PB may provide an effective emergency treatment 
for soybean looper, economics as well as the dynamic nature 
of resistance will probably prevent this from being a 
practical long-term management tool. Soybean varieties that 
resist defoliation or mature early and avoid peak soybean 
looper populations may be particularly useful in the future. 
Insecticides are likely to remain an important component of 
soybean pest management, however. These data support previous 
research that indicates that soybean producers probably have 
little control over resistance management, because selection 
for resistance is probably greater in other crops. Therefore, 
efforts should be continued to monitor insecticide resistance 
in the soybean looper, both in Louisiana and in other areas 
where this pest occurs.
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